Specialized fiber electrograms were recorded in 64 patients during open-heart surgery. Intervals were measured from the proximal His bundle, distal His bundle, and right and left bundle branches to the earliest QRS deflection in the limb lead ECG (pH-Q, dH-Q, RB-Q, and LB-Q interval, respectively). There was an increase of pH-Q intervals with increasing age such that at age 3 months the normal range of pH-Q interval was 13-27 msec, while at 14 years of age it was 32-54 msec. For patients 15 years of age and older, the normal range of pH-Q interval was 35-54 msec, similar to that reported by several investigators using catheter technic and suggesting that most His bundle electrograms recorded by catheter technic in fact record from the proximal His bundle. The dH-Q interval varied from 18 to 35 msec, the RB-Q interval from 18 to 30 msec, and the LB-Q interval from 20 to 39 msec. These normal ranges of RB-Q and LB-Q intervals are greater than previously reported. Overlaps existed between the normal range of pH-O and dH-Q or LB-Q intervals, dH-Q and RB-Q or LB-Q intervals and, at least in children, the pH-Q and RIB-Q intervals. Thus the timing of a specialized fiber electrogram does not necessarily reflect its anatomic location. AV nodal electrograms were not recorded although the recording sites included the known anatomic location of the AV node. Conduction velocity in the His bundle was determined and averaged 1.5 m/sec (range 1.3-1.7 m/sec).
there has been no direct correlation between H-Q, RB-Q, and LB-Q intervals with precise anatomic localization of the recording electrodes, a study was designed to establish the normal range of H-Q, RB-Q, and LB-Q intervals in a group of patients studied by directly visualizing the placement of the recording electrodes during open-heart surgery. In addition, conduction velocity in the His bundle was determined for the first time in man with the use of a specially designed electrode probe. Methods All studies were perfoimed during cardiopulmonary bypass initiated in the course of open-heart surgery.
The experimeietal protocol varied somewhat for each patient and was determined by the nature and requiirements of the surgical procedure. A summary of pertinent clinical data oni the 64 patients studied is provided in table 1. The ages of the patients studied ranged from 3 montlhs to 63 years. Patients who manifested any condu-ction abnormalities eithelr in their preoperative ECG or (luriing the recording of electrograms were not included in this study. Patients with endocardial cushion defects were inicluided because, as we have shown elsewhere, these patients do not have an AV7 conducution abnormality.'7 All patients received small amounits of atropine or scopolamine as part of the preoperative medication approximately 3 hours prior to surgery, and halothane Canesthcsia durinig sulrgery.
During periods of data collection, body temperatuire, measured from the retrocardiac portion of the esophagus or fr-om the r-ectum was 370C in 50 patients aind 32-50C in 14 patients (table 1) . Using a technic previously described"' an electrode probe was used to record bipolar electrograms from selected sites in the right atrium and ventricles simultaneouisly with standard bipolar and augmented unipolar ECG leads during a spontaneous-conducted atrial rhytlhm or one produced bv atrial pacinig The electrode-recording sites included the proximal His buniidle, distal His buindle, and the right and left bunldle branches ( fig. 1 ). The location of the proximal His bundle was determined by the followiing metlhod. The electrode probe was placed in the region of the coronary sinuis ostium and electrograms were recorded; the electrode probe was then advanced bv inicrements of 5 mm (i.e., the probe diameter) medially along the initeratrial septuim toward the membranous septtum. The first appearance of a specialized fiber electrogram having clharacteristics previously descriled,'9 identified the site of the proximal His bunldle. Electrograms recorded from the specialized conduction svstem at the membranous septum identified the distal His buindle. Electrograms recor-ded from the specialized conduction system distal to the membranouls septum in the right and left venitricles were labeled riglt buindle branch and left bundle branch, respectively. Initervals were measured from the intrinsic deflection of electrogr-ams recorded from the specialized conduction system at these several sites to the onset of the earliest QRS deflectioni in the limb lead ECG and were labelecl as Circulation, Volume XLVII, April 1973 follows: those from the proximal His bundle, pH-Q; those from the distal His bundle, dH-Q; those from the right bundle branch, RB3-Q; and those from the left bundle branch, LB-Q. If electrograms were recorded from more than one site in the right or left bundle branch, the site with the longest specialized fiber electrogram-to-QRS interval was used in determining the RB-Q or LB-Q interval. All leads in contact with the heart were isolated from ground and from the recording apparatus by isolation transformers. The electrograms and ECGs were monitored simultaneously on a DR-12 Electronics-for-Medicine switched beam oscilloscope and recorded on photographic paper moving at 100 mm/see. ECGs were recorded between frequencies of 0.1 and 500 Hz and the electrograms were recorded between 12 and 500 Hz. Statistical evaluation of the correlation between the pH-Q interval and age was performed using the least squares method. Calclulations were made using the Multicomp Corporation "SIXCUR" computer program.
For the study of conduction velocity in the His 37 37 32 37 32 37 37 37 37 37 37 37 37 32 37 37 37 37 34 37 37 37 37 37 37 37 35 37 37 37 34 37 37 37 37 37 37 37 34 37 37 37 37 32 37 37 37 None SPIR 25 mg tDigoxin was always discontinued 1 day prior to surgery.
Abbreviations: AR = aortic regurgitation; AS = aortic stenosis; 10 ASD = atrial septal defect, ostium primum type; 20 ASD = atrial septal defect, ostium secundum t.ype; AYC = atrioventricular canal; CATR = common atrium; CHLOR = chlorthiazide; DCRV = double-chambered right ventricle; DIAZ = diazepam; DIG = digoxin; EBS = Ebstein's anomaly; ISO = isosorbide dinatrate; LIDO = lidocaine; MR = mitral regurgitation; MS = mitral stenosis; PS = pulmonic stenosis; SEC = secobarbital; SPIR = spironolactone; T/F = tetralogy of Fallot; TGV = transposition of the great vessels; VAn = ventricular aneurysm; VSD ventricular septal defect; QD = daily; BID = twice a day; TID = three times a day; QID -four times a day; Q6H = every 6 hours; Q12H = every 12 hours.
interelectrode distance between each electrode of each pair was 2 mm and the distance between the midpoint of the pairs was 5 mm. The probe was placed in the region of the His bundle and positioned until a His electrogram was recorded from each pair of electrodes. Positioning the probe electrode in this manner was critical since a slight change in the position of the probe resulted in an inability to record a His electrogram from at least one of the electrode pairs. This sensitivity in positioning the probe electrode also permitted us to say that the two bipolar recording electrodes in the probe were parallel to the His bundle when a His electrogram was recorded simultaneously through both pairs. In five studies, these electrograms and simultaneous ECGs were recorded on magnetic tape at a speed of 15 in/sec and later played back on photographic paper at a speed of 15/16 in./sec, time in which the tape recorder was 16. For the two studies in which the tape recorder was not used, the recordings were photographed and enlarged three and six times. The interval between the intrinsic deflection of the His electrogram recorded from each electrode pair was measured and since the distance between the electrode pairs was known, the conduction velocity could be calculated.
Results

pH-Q Intervals
Proximal His bundle-to-Q intervals were measured in 58 patients and ranged from 16 to 54 msec (table 1) . These data could be further separated according to age. For the 15 patients 15 years of age Circulation, Volume XLVII, April 1973 or older, the range for the pH-Q interval was 35-54 msec. However, for the 43 patients below age 15 there was an age-related variation in the pH-Q interval. Using the least squares method, the best statistical fit of the correlation between pH-Q interval and age was found to be an exponential increase of the pH-Q interval with increasing age. This latter relationship is illustrated in the graph in fig. 2 . In this graph, age is drawn on the X axis and pH-Q intervals on the Y axis. The dots represent the actual values of pH-Q intervals in the patients studied below age 15 years. The upper and lower solid lines represent the calculated 95% confidence limits of the correlation between age and pH-Q interval, and permit us to establish statistically the limits of normal pH-Q interval for each age group (table 2). Note that at age 3 months, the normal pH-Q interval ranges from 13 to 27 msec and that the range of the normal pH-Q interval increases exponentially until, at age 14 years, it is 32-54 msec. The following variables had no statistically significant influence on pH-Q intervals: temperature in the ranige of 32-35°C in 11 patients; heart rate, which ranged from 58 to 150 beats/min; and, confirming the findings of others,2' cardiac diagnosis. In some patients, intervals from the distal His bundle and the right and left bundle branches to the onset of ventricular depolarization were also measured (table 3). The dH-Q interval in 10 patients ranged from 18 to 35 msec, the RB-Q interval in six patients ranged from 18 to 30 msec, and the LB-Q interval in six patients ranged from 20 to 39 msec. These ranges of RB-Q and LB-Q intervals are greater than previously reported.1 7, 16 Intervals were measured in patients who varied in age from 4 to 24 years for the dH-Q interval and from 5 years 8 months to 31 years for the RB-Q interval. Since a relatively small number of dH-Q and RB-Q intervals were measured, age-related variation in these intervals could not be adequately assessed. Nevertheless, when comparing patients of similar ages, overlap exists between the normal range of conduction time from the proximal His bundle and the distal His bundle to the onset of the QRS, and also from the distal His bundle and the right bundle branch to the onset of the QRS. This fact is illustrated when we compare the pH-Q intervals of cases 25 and 10 with the dH-Q interval of case 29; the pH-Q interval of case 27 with the dH-Q interval of case 12; and the dH-Q interval of case 14 with the RB-Q intervals of cases 31 and 43 (tables 1 and 3).
The overlaps between pH-Q and both dH-Q and RB-Q intervals are graphically illustrated in fig. 3 . The X axis represents age and the Y axis specialized conduction system to QRS intervals. The upper and lower solid lines represent the 95% confidence limits of the age-related pH-Q interval. These are the same confidence limits shown in fig. 2 . The +s represent the measured dH-Q intervals in our study. RB-Q intervals have been illustrated as triangles (A). It is clear that in five of 10 cases in which electrograms were recorded from the distal His bundle, the dH-Q interval falls within the normal range of the age-related pH-Q intervals. Furthermore, in two of six cases in which electrograms were recorded from the right bundle branch, the RB-Q interval falls within the normal range of agerelated pH-Q time. Overlap also exists between pH-Q and LB-Q intervals. The patients whose LB-Q intervals were measured ranged in age from 20 to In 58 cases the electrode probe recorded electrograms from sites on the interatrial septum between the coronary sinus and the membranous septum. Since these sites included the known anatomic location of the AV node, it is of considerable interest that the AV nodal electrograms were never recorded.
Conduction Velocity in the His Bundle
Conduction velocity in the His bundle was determined in seven patients and ranged from 1.3 to 1.7 m/sec, average 1.5 m/sec (table 4) . Records from a representative study are illustrated in figure  4 . It is of interest that despite an age range of 3 months to 55 years, varying cardiac diagnoses, and body temperatures in this study ranging from 37°C in five patients to 32°C in two patients, the range of conduction velocity in the His bundle was narrow.
Discussion By recording electrograms from selected sites in the specialized AV conduction system under direct visualization of the heart, we have established the normal range of conduction time from the proximal His bundle to the onset of ventricular depolarization. Also, this study has permitted us to make observations on the merits and limitations of the Table 3 dH Relationship of age and dH-Q and RB-Q intervals. The solid lines (-) represent the 95% confidence limits of the normal age-related pH-Q intervals in patients below 15 years of age. These are the same 95% confidence limits illustrated in figure 2 . The dashed lines represent the normal range of pH-Q interval of 35-54 msec in patients 15 years of age and older. dH-Q (+) and RB-Q (A) intervals have been plotted on the graph to illustrate the fact that five of 10 measured dH-Q intervals and two of six measured RB-Q intervals fall within the normal range of age-related pH-Q intervals. catheter technic for recording electrograms from the His bundle and bundle branches.
First, the norrnal pH-Q interval in patients 15 years of age and older is 35-54 msec. This range is similar to that reported from several laboratories using the catheter technic2 ' 5, 6 suggesting that most His bundle electrograms recorded by the catheter HB HB A ECG 62.5 msec.
Figure 4
Representative example of a His bundle electrogram used for calculation of conduction velocity in case 6 (age 3 months). The top trace (HB) is recorded from the more distal pair of electrodes and the second trace (HB) is recorded from the more proximal pair of electrodes of the special electrode probe. The third trace (A) is an atrial electrogram. The bottom trace (ECG) is an ECG lead. Measurements were made of the time interval between the intrinsic deflections of the two His bundle electrograms (arrows). Since the distance between the midpoint of the two bipolar electrodes is known the conduction velocity can be calculated. The atrial electrogram in the third trace and the P wave in the ECG lead indicate that the recording was a conducted atrial rhythm. The calculated conduction velocity in this patient was 1.6 m/sec. technic are in fact recorded from the proximal His bundle.
The normal pH-Q interval for patients under 15 years varies with age. That this interval should increase up to a certain age and that a single normal range for adults can be expressed is not surprising. Conduction velocity in the His bundle is constant over a wide age range; however, as the heart increases in size during growth periods, the length of His bundle and bundle branches over which conduction occurs also increases. Therefore one might expect the pH-Q interval to increase as well. A similar age-related variation in H-Q time has been reported previously. 20 We have clearly demonstrated that overlaps exist between the normal range of the following intervals: pH-Q and dH-Q, dH-Q and either RB-Q or LB-Q, and even pH-Q and RB-Q or LB-Q. These overlaps are not surprising since the length of the His bundle is not great and since the distal His bundle is in direct continuity with the right and left bundle branches. The overlaps are important since the catheter electrode technic relies in large part on the specialized fiber electrogram-to-QRS interval to localize the site of origin of these electrograms. Furthermore, the inexact nature of fluoroscopic placement of the catheter electrode, catheter movement during cardiac contraction, catheter interelectrode distances of 1-2 cm, and electrodes which may be as long as 0.5 cm make it even more difficult to localize specialized fiber electrograms. These difficulties, of course, create problems in interpretation. For example, one could not be sure of the meaning of a "short H-Q interval"5' 8 or of the site of complete heart block9' 10 if the site of origin of the specialized fiber electrogram were in doubt.
Aids in Localizing Specialized Fiber Electrograms
With these problems in mind, certain observations made in this study may be useful in determining the site of origin of specialized fiber electrograms. First, when the electrode probe recorded from the distal His bundle, either a poor atrial electrogram or no atrial electrogram at all was recorded. An atrial electrogram was never recorded when the electrode probe recorded electrograms from the right bundle branch. Thus the presence or absence of an atrial electrogram, as has been suggested previously,'0 can be of help in determining the site of origin of specialized fiber electrograms. However, since our recording electrodes were only 2 mm apart, these observations may not Circulation, Volume XLVII, April 1973 Table 4 Data on the Seven Patients in locity was Determined be useful for all recording technics. For example, if the bipolar electrodes of an electrode catheter are widely spaced, an atrial electrogram may be recorded even if the catheter position is ventricular, particularly when electrograms are recorded at high gain. Therefore, a catheter-with closely spaced electrodes, e.g., 1 or 2 mm apart,21 provides the best opportunity for localizing specialized fiber electrograms and should be used as follows. After recording a specialized fiber electrogram, if one slowly withdraws the catheter until an atrial electrogram and the longest possible H-Q interval are recorded, it is likely that this recording site is the proximal His bundle.
Further, since conduction velocity in the His bundle ranged from 1.3 to 1.7 m/sec, the distance traversed by an impulse in 15 msec in a normal heart would be at least 2 cm. Therefore, if two specialized fiber electrograms were recorded in a patient and one had a specialized fiber electrogram-to-QRS interval 15 msec less than the other, the more distal electrogram certainly originates within the bundle branches. For example, if a normal patient had a pH-Q interval of 54 msec and another specialized fiber electrogram was recorded whose interval to the QRS deflection was 39 msec, this latter specialized fiber electrogram would have to originate within the bundle branches. Such an example is illustrated in case 51 in whom the pH-Q interval was 54 msec and the LB-Q interval was 39 msec. Furthermore, since the lower limit of the normal pH-Q range in patients 15 years of age and older is 35 msec, any recording with a specialized fiber electrogram-to-QRS interval of 20 msec or less very likely has its site of origin within the bundle branches.
AV Nodal Electrograms
Our inability to record electrograms from the AV node, even though the recording electrodes were certainly placed over it, calls to question the "N potential" reported by others using the catheter electrode technic." 11, 12, 14, 22 However, the fact that our electrodes are 2 mm apart whereas in the catheter technic electrodes are 1-2 cm apart may be important. Since phase "0' of the AV nodal action potential rises slowly,23' 24 its upstroke extends over a relatively long distance and therefore the potential difference between closely adjacent extracellular electrodes might be too small to record.23 However, the wavelength of phase "0" of the AV nodal action potential (i.e., the distance over which the upstroke of the AV nodal action potential Circulation, Volume XLVII, April 1973 extends) may in fact be short enough for electrodes 2 mm apart to be able to record a potential difference produced during AV nodal depolarization. Extrapolating from studies on the rabbit heart,23' 24 if we assume that the duration of phase "0" of the AV nodal action potential is 30 msec,24 and multiply this by the conduction velocity in the AV node of 0.02-0.05 m/sec,24 the wavelength of phase "0" of the AV nodal action potential extends over about 0.6-1.5 mm. Therefore, electrodes 2 mm apart properly placed in the region of the AV node should be able to record a potential difference during AV nodal depolarization. Since the electrode probe was positioned in the region of the AV node during our studies in 58 patients, we should have recorded an AV nodal electrogram if it were possible.
In addition, because of the slow rise time of phase "0" of the AV nodal action potential and the slow conduction velocity in the AV node, it would be unlikely to record an AV nodal electrogram if low frequency signals are filtered out. '9' 21, 25 In our studies, signals below 12 Hz were filtered out, making the recording of AV nodal electrograms unlikely. Furthermore, for those studies reported using the catheter electrode technic, all signals below 40 Hz were filtered out, making the recording of AV nodal electrograms even less likely. Therefore, in view of all the above considerations, we must suggest that the "N potential" recorded in man by the catheter technic does not necessarily reflect conduction in the AV node.
Conduction Velocity
In this study, we found the conduction velocity in the His bundle of man to be 1.5 m/sec (range 1.3-1.7 m/sec). For conduction velocity in the in situ His bundle and the proximal right and left bundle branches of dogs, calves, monkeys, and goats, rates of 1.2-2.0 m/sec have been reported.2628 Conduction velocity in the in situ His bundle of man is thus similar to that reported in animals.
Effects of temperature on conduction velocity have been previously studied. In the dog heart, Stuckey and Hoffman29 found that conduction velocity in an isolated Purkinje fiber preparation was lowered by 0.07-0.08 m/sec for every degree centigrade fall in temperature. In an isolated Purkinje fiber preparation of the ox, Curtis and Travis30 were able to draw a graph with a straightline correlation of increasing conduction velocity with rising temperature. Therefore, it was somewhat surprising that in this study a reduction in body temperature to 32-35°C had no measurable effect on either specialized AV conduction system electrogram-to-QRS intervals or on conduction velocity in the His bundle. However, this temperature range was found in the previously mentioned studies to have only a minimal influence on specialized fiber conduction velocity in experimental animals and thus would not be expected to have much of an influence on specialized fiber conduction intervals or conduction velocity in man. In fact, we could not demonstrate any influence of temperature at all in the 32-35C range although if we studied a larger number of patients we might have demonstrated a statistically significant small variation in conduction intervals or velocity.
